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We propose a new type of optical transistor for a broadband amplification of THz radiation. It is
made of a graphene–superconductor hybrid, where electrons and Cooper pairs couple via Coulomb
forces. The transistor operates via the propagation of surface plasmons in both layers, and the origin
of amplification is the quantum capacitance of graphene. It leads to THz waves amplification, the
negative power absorption, and as a result, the system yields positive gain, and the hybrid acts like
an optical transistor, operating with the terahertz light. It can, in principle, amplify even a whole
spectrum of chaotic signals (or noise), that is required for numerous biological applications.
There has been a recent growing interest in terahertz
(THz) frequency range (0.3 to 30 THz) due to its poten-
tial applications in diverse fields. In particular, it can
be used in non-destructive probing in medicine, allowing
for non-invasive tumor detection and biosecurity. Other
applications include ultra-high bandwidth wireless com-
munication networks, vehicle control, atmospheric pollu-
tion monitoring, inter-satellite communication, and spec-
troscopy, to name a few [1–4]. However, in spite of its
technological potential, the THz range still remains a
challenge for modern technology due to the lack of a com-
pact, powerful, and scalable solid state source [5]. This
problem is known as the terahertz gap.
There have been multiple attempts to ‘close’ this gap
and thus cover the full THz range. Approaching from
the lower frequencies, one can mention electronic devices
with negative differential resistance (NDR). The NDR
is required to compensate the thermal losses, so that
the device can operate in the oscillating regime. For in-
stance, super-lattice electronic devices (SLED) generate
higher harmonics by means of NDR [6] and reach the
THz gap [7]. So far, the highest frequency achieved with
this method is 0.5 THz, and the output power is less than
0.5 mW. Another class of devices is the resonant tunnel-
ing diodes (RTDs) [8]. However, the radiation power of
RTD devices is less than 1 µW , and it further decreases
by three orders of magnitude at room temperature. Also,
RTDs suffer from their small electron transition times
and parasitic capacitance, associated with the double-
barrier structure.
Approaching the THz gap from the low-frequency side,
one can also use layered high-temperature superconduc-
tors (HTSC) with intrinsic Josephson junctions, such as
BISCCO [9–11]. These devices produce radiation with
Josephson oscillations generated by an applied bias volt-
age [12, 13]. Here a tunable THz emission in a record
wide frequency range, spanning from 1 to 11 THz, has
been recently observed [14]. However, the power output
is only up to 1 µW, which is still inadequate for practical
applications.
It was proposed that a spontaneous emission rate of
THz radiation in a semiconductor microcavity can be
enhanced by dint of the bosonic stimulation effect, if a
Bose-Einstein condensate is employed [15, 16]. However,
such a THz-radiative transition requires a hybridization
of several bands with different parity, making the out-
put power small. Quantum cascade lasers (QCL) [17–
19] are devices that are approaching the THz gap from
the high-frequency side, while transistors [20–23], Gunn
diodes [24], and frequency multipliers [25] are approach-
ing the gap from the low-frequency side. The latter cover
the whole THz range while having small power. The gen-
eral fundamental obstacle of all these THz sources is the
small emission rate (of the order of 10 ms). It can be
increased with the Purcell effect when the THz source
is placed in a cavity [26, 27], however, the quantum ef-
ficiency is still about 1%, and the manufacture of such
structures is difficult.
Graphene and carbon nanotubes may serve as highly
tunable sources and detectors of THz radiation [28–
34], and even in THz lasers [35–40]. In the dual-gate
graphene-channel field-effect transistor [41] embedded
into a cavity resonator [42, 43], one observes spontaneous
broadband light emission in the 0.1-7.6 THz range with
the maximum radiation power of ∼ 10 µW at the temper-
ature 100 K. There are also emerging sources of THz ra-
diation that operate at room temperature and can deliver
several frequencies, e.g., multiple harmonic generation in
superlattices that can also be made compact by coupling
with a sled [44, 45], frequency difference generation in
mid infrared QCLs leading to tunable THz radiation [46]
and THz optical combs [47].
In this Letter, we show that graphene-superconductor
hybrid represents an active media with strong light-
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FIG. 1. System schematic. Graphene coupled with a two-
dimensional superconductor by the Coulomb force and con-
nected to a battery. The hybrid system is exposed to an
external EM field at incidence angle θ;
matter coupling. Note, both graphene and superconduc-
tor are practically insensitive to light, alone [48]. Hybrids
of graphene with metamaterials and metasurfaces may
show a significant enhancement of the light sensitivity.
Graphene covered with a thin film of colloidal quantum
dots has strong photoelectric effect, that provides enor-
mous gain for the photodetection (about 108 electrons
per photon) [49]; graphene grown on SiC has strong pho-
toresponse [50]; and graphene composites can improve
solar cells efficiency [51]. Here we show that graphene
deposited on superconductor may strongly amplify elec-
tromagnetic radiation that opens a door for numerous
applications of THz radiation.
Theory of light absorption. We consider a sys-
tem consisting of parallel layers of graphene and a
superconductor, exposed to an electromagnetic (EM)
field incident with the angle θ and linearly polar-
ized along the x-z plane (p-polarisation), E(r, t) =
(sin θ,0, cos θ)E0e
−i(k⊥z+k‖·r+ωt), where k‖, ω, and r are
the in-plane wave vector of the field, frequency, and coor-
dinate, respectively (see Fig. 1). Between graphene layer
and superconductor there is a gate voltage that controls
its chemical potential.
The electrons in graphene interact via the Coulomb
interaction, which has the Fourier image given by vk =
2pie2/k, where k is in-plane momentum (lying in the x-
y plane). The electrons between the two layers are also
Coulomb-coupled, and the Fourier image of the interlayer
interaction reads uk = 2pie
2 exp(−ak)/k, where a ∼ 10
nm is the separation between the layers.
Using the linear response theory for hybrid systems [52,
53], we can write the electron density fluctuations in the
graphene layer δnkω and Cooper pair density fluctuations
in the superconducting layer δNkω as [54]
δnkω = Πkω(vkδnkω + ukδNkω +Wkω),
δNkω = Pkω(vkδNkω + ukδnkω +Wkω), (1)
where Πkω = Π
R
kω + iΠ
I
kω and Pkω = P
R
kω + iP
I
kω are the
complex-valued polarization operators of the graphene
and superconductor, respectively, and Wkω = eE0/ik is
the Fourier image of the potential energy due to the ex-
ternal electric field.
In matrix form, Eq. (1) reads[
Πkωvk − 1 Πkωuk
Pkωuk Pkωvk − 1
] [
δnkω
δNkω
]
= −
[
ΠkωWkω
PkωWkω
]
, (2)
and the eigenmodes of the system can be found by equat-
ing the determinant of the left-most matrix to zero
1− vk(Πkω + Pkω) + (v2k − u2k)ΠkωPkω = 0. (3)
In particular, the real part of the determinant of the ma-
trix in Eq. (2) reads
DRkω ≡ 1− vk(ΠRkω + PRkω) + (v2k − u2k)ΠRkωPRkω
+ ΠIkωP
I
kω(u
2
k − v2k) = 0, (4)
where the superscripts R and I denote the real and imag-
inary parts, respectively.
The next task is to find the polarization operators. For
the superconductor, the polarization is given by [54]
PRkω =
p2SF k
2
2pimS
· 1
ω2 − 4∆2 ,
P Ikω =
{
0, 0 ≤ ω ≤ 2∆
−p2SF k22mSω · 1√ω2−4∆2 , 2∆ < ω
(5)
where pSF is the Fermi momentum, mS is the effective
electron mass in the superconductor, and 2∆ is the gap.
For graphene, the polarization reads [55, 56]
Πkω = − ipi
v2F
F (k, ω)− gµ
2piv2F
+
F (k, ω)
v2F
{
G
(
ω + 2µ
vF k
)
−Θ(y − 1) [G(y)− ipi]−Θ(1− y)G (−y)
}
, (6)
where G(x) = x
√
x2 − 1 − ln(x +√x2 − 1); Θ(x) is the
Heaviside step function, y = (2µ− ω)/(vF k), and
F (k, ω) =
g
16pi
v2F k
2√
ω2 − v2F k2
, (7)
where vF is the Fermi velocity in graphene, µ is the chem-
ical potential, and g = 4 is the spin and valley degeneracy
factor. For the undoped case, µ = 0 and only the first
term in Eq. (6) contributes.
The formula for the power absorption reads [57]
P (ω) =
1
2
〈
Re
[∫
d2rJ(r, t) ·E∗(r, t)
]〉
, (8)
where the integration is over the graphene plane, 〈· · ·〉
denotes time-averaging, and the current J is monitored
in the graphene layer. We use the continuity equation
kjkω = −eωδnkω and normalize the power with the sam-
ple area
∫
d2 = l2 and the square of the field amplitude
E20 to get
P(ω) = P (ω)
l2E20
=
1
2
eω
kE0
Re[δnkω]. (9)
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FIG. 2. (a) Hybrid modes for undoped (blue curves) and doped (red curves, µ = 3.0 meV) graphene layer. Black dashed
curves show the modes of isolated doped graphene layer. Inset. zoom-in of the lower energy modes. (b) Power absorption
as a function of the angle of incidence θ [see also Fig. 1] for undoped graphene-superconductor hybrid for frequencies ν = 0.5
THz (red), 1.0 THz (green), and 2.0 THz (blue). (c) Undoped graphene power absorption spectrum for the angles of incidence
θ = 1.0◦ (red), θ = 1.5◦(green), and θ = 3.0◦(blue). Dashed curves show the data corresponding isolated graphene case. In b)
and c) insets, the effect of temperature T = 0 (red), T = 0.5Tc (green), and T = Tc (blue) is shown. The separation distance
between graphene and superconductor was taken as a = 10 nm.
Results and discussion. Substituting Eqs. (5)
and (6) into Eq. (4), we can find the collective modes
of the hybrid system, presented in Fig. 2(a) for the un-
doped and doped graphene cases. The upper mode has
a gap 2∆ = 2 meV. If in this hybrid a single graphene
layer is not interacting with a superconducttor, only one
mode exists, which is due to the superconductor. Indeed,
the equation for isolated undoped graphene layer
1− vkΠRkω = 1 +
2pie2
k
k2
16
Θ(v2k2 − ω2)√
v2k2 − ω2 = 0 (10)
does not have a solution ω(k), which implies the absence
of the collective plasmon mode.
Furthermore we build the power absorption (9), fixing
µ = 0 at the Dirac point by gate voltage. Then, graphene
is ambipolar gapless semiconductor with linear dispersion
and zero-area Fermi points. Figure 2(b) shows the depen-
dence of the power absorption on the EM field incidence
angle θ. All the curves exhibit critical angles at which
the power absorption becomes negative, α < 0. This sug-
gests that the incident angle can be used to switch the
amplifier device on or off. Furthermore, increasing the
frequency of the incident EM wave increases the critical
angle.
Figure 2(c) shows the power absorption spectrum. We
see that coupling graphene to the superconductor layer
results in a negative power absorption in THz frequency
range (solid curves and the shaded regions). There is no
negative absorption region for isolated graphene, where
the power absorption remains positive for any frequency
ν (dashed curves). When the light incidence angle, θ,
increases, both the maximal intensity (slightly) and the
frequency range of the negative light absorption increase,
see the shaded area in Fig. 2(b,c). Thus, the angle of light
incidence allows us to control the range of light frequen-
cies with the negative absorption.
To understand the angle θ dependence, note that the
wave vector of the plasma wave is related to the projec-
tion of the incident light wave vector on the plane of the
sample. Both the angular dependence of the absorption
and gain are related to the amplitude of this wave prop-
agating on the surface. The light incident perpendicular
to the graphene surface can not excite such plasma wave
and therefore, in this case we do not have the gain. How-
ever, at large incident angle, there is a reflection of the
incident radiation due to the difference in the refractive
index of the hybrid and the air. Thus we conclude that
the most optimal effect will be observed at small but
nonzero angle θ.
The gate voltage attached to the graphene layer acts
both as electron sink and source. Due to the negative
power absorption, graphene layer tends to lower its en-
ergy level by dumping the electrons to this sink resulting
in a lower Fermi level, with the energy carried away by
the emitted radiation. The same gate voltage then also
acts as a source to replenish the electrons bringing the
Fermi level back to the Dirac point.
Plasmons can be treated as bosons obeying the Bose-
Einstein distribution. However under external irradia-
tion there can appear a virtual inversion of their popu-
lation and their continuous stimulated emission (positive
gain) accompanied by the amplification of the incident
light. In our case, it corresponds to α < 0. The resonant
frequency ω0 separates the positive gain region from the
negative one. When the photon frequency ω is below the
resonance, the system gives energy away, and the gain is
positive, while if ω is larger than the plasmon resonance
frequency, the light absorption is positive and there is no
gain. At special conditions e.g., if the system is embed-
ded into a cavity resonator, there may even arise lasing
similar to one observed in plasmonic lattices [58].
The gain here may arise similar way as in a waveg-
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FIG. 3. Schematic of the mechanism of THz amplification.
The incident light induces a collective hybrid plasmon mode.
The interplay between this mode and the quantum capaci-
tance of graphene amplifies the incident electromagnetic field
(see text for details).
uide coupled with a superconducting Josephson junc-
tion [59]. If we denote the impedance of graphene as
Z1 = R1 + iX1 and the impedance of the supercon-
ducting film as Z2 = R2 + iX2, the optical reflectivity
of the system reads Γ = (Z1 − Z2)2/(Z1 + Z2)2. Near
the frequency of the plasmon resonance, there is an area
of negative differential resistance of the superconductor,
R2 < 0. If we assume Xi = 0 [59, 60], we find Γ > 1.
Note that similar physics exists in a graphene transistor,
which consists of a couple of graphene layers separated by
a BN insulator (see Ref. [61] for details). This transistor
also has a regime of negative differential conductance in
current-voltage characteristics, i.e., R1 < 0. Experimen-
tal observation of the positive “Bloch gain” in quantum
cascade lasers [62, 63] has been explained in an insight-
ful paper [64]. The principle of stimulated emission is
generally used in many sources of electromagnetic radia-
tion e.g., in lasers [65], semiconductor superlattices, and
amplifiers [66, 67] as well as in Josephson devices [59].
Here we naturally have all the conditions of the
Wacker’s mechanism of optical gain [64, 68]. Note, in
many devices, scattering and de-phasing mechanisms are
limiting the gain bandwidth and can flat and eliminate
the gain. The qualitative discussion of the de-phasing
and scattering mechanisms is given in Ref. [69]. In our
system the plasmon scattering within each and between
two graphene and superconducting layers can not only
broaden the width of the optical transition, but also en-
able optical gain and absorption to coexist (for the com-
parison, see Refs. [64, 68, 69]). That provides the reason
why α(ω) = 1− Γ(ω) is negative below the plasmon res-
onance.
To obtain the qualitative behavior of the I-V char-
acteristic, let us look at the overlap integral IO be-
tween the two layers, graphene and superconductor,
since I(V ) ∼ IO(V ) [70]. Graphene quasiparti-
cle subjected to Andreev scattering from superconduc-
tor can be described by the wave function ψg(z) =
(1/(ζpi))0.25 exp(−z2/(2ζ)), where ζ = [m(a0 +b ·V )]0.25,
a and b are some constant parameters and V is the ap-
plied voltage. The superconductor wave function reads
ψs = ∆ exp(−z/λ), where λ is the London penetration
depth. When we substitute these wave functions into the
overlap integral and after several algebraic operations we
find I =
∫∞
−z0 ψ
∗
gψsdz ≈ ∆
√
ζ. Consequently, expand-
ing this expression at small and big V we find that at
small V , I ∼ V , while at bigger V the current drops
down, which corresponds to the NDR regime (see the
I-V curves reported in Ref. [70] for comparison). Note,
this dependence I ∼ ∆√ζ| shows that the NDR crucially
depends on both the properties of graphene (
√
ζ) and su-
perconductor (∆).
On the other hand, graphene separated by dielectric
layer (e.g., made of BN, SiO2 or Ta2O5) from the su-
perconductor (Nb, Pb, or HTSC) together form a par-
allel plate capacitor, which capacitance C is given by
C = Cplate + Cq, where Cplate is the classical capaci-
tance Cplate = 0A/a, A is the area of the sample and
o is the dielectric constant (e.g. for SiO2 o = 3.9).
The quantum capacitance Cq of graphene emerges due
to its conical energy-momentum relation, and it has the
form [71–73]
Cq =
2Ae2|EF |
pi~2v2F
. (11)
This parallel plate capacitor is connected to a power sup-
ply that charges the capacitor and provides the energy
for the amplification of incident radiation.
The incident light (in particular, its component parallel
to the superconducting surface) induces the fluctuation
of charge density δns, which is associated with a travel-
ling plasmon wave with the amplitude Es ∼ δns, where
δns = δns0 cos(kx+ ωt) (Fig. 3). This charge density
wave on the surface of the superconductor generates a
mirror charge wave of the opposite sign in the neutral
graphene layer, being of the same order as the charge
fluctuations in superconducting layer, i.e., δnG ∼ −δns.
Note that the sign of these charge density fluctuations
changes each half-wavelength of the plasmon wave.
These plasmons have the wavelength larger than a
micrometer, and therefore the charge density for each
half-wavelength can be viewed at as a local temporary
graphene doping, moving with the wave. During this
half-period, the charge fluctuation corresponds to the lo-
cal change in the chemical potential or the Fermi energy
EF , which is directly related to the amplitude of the plas-
mon wave propagating in graphene EG. The travelling
wave induces a transient photocurrent, which stimulates
radiation of electromagnetic waves in the THz spectrum,
5similar to photo-conductive antennas [74]. Due to the
quantum capacitance of graphene, described by the rela-
tion EG ∼ EF /λ ∼ √nG, the emitted waves amplitude
is significantly enhanced and it is different from the am-
plitude of the plasmon wave, propagating on the super-
conductor surface.
Note that the graphene–superconductor system pos-
sesses many benefits. Both superconducting and
graphene layers have giant mobility and small resistivity
giving rise to minute losses. With increasing tempera-
ture the superconducting gap decreases, while graphene
mobility changes a little. Since the radiation amplifi-
cation occurs in graphene the temperature has a weak
effect on the operation of THz transistor (see, insets on
Fig. 2(b,c). However, obviously, the operation tempera-
ture range is limited by the critical temperature Tc. The
working temperature range is similar to one for the stack
of the Josephson junctions made of HTSC [9, 10].
In our calculations we used a relatively large value
for the graphene-superconductor separation, a=10 nm,
which is several orders of magnitude smaller than the
wavelength of THz radiation. The smaller the separa-
tion the stronger the effect. Hypothetically, this separa-
tion distance can be even smaller, about 0.5-1 nm. The
C-C sp2 bonding in graphene is a strong one. There-
fore, we expect that graphene can be directly deposited
on the superconductor. To improve the graphene quality
and avoid charge puddles, one or several BN layers can
be deposited directly on superconductor. It will be ideal
to support the proposed structure and undoped graphene
state having maximal quantum capacitance vital for the
effect. With graphene doping the quantum capacitance
and gain decrease. Therefore, the gate voltage is used to
keep the chemical potential at the Dirac point.
The radiation power reads Pr = 〈VgI〉, where the
voltage Vg and the transverse current I are periodi-
cally changing in time around the Dirac point. Such
time-dependent periodically-changing voltage Vg(t) on
graphene is associated with the plasma wave induced in
graphene by the incident light. On average, the voltage
variation vanishes, 〈Vg〉 = 0, while the radiated power
is not since the current has the same periodic oscilla-
tions and the power depends on their product [75]. Dur-
ing the operation of the device the voltage in graphene
can reach 40-50 meV, that is the frequency of optical
phonons, which will be generated at higher energies with
account for nonlinear effects [76, 77]. The driving pho-
tocurrent through cm2 of graphene is of the order of
10 mA, which value is limited by the Joule heating of the
superconductor surface region. Then, assuming simple
periodic behavior for both I(t) and Vg(t), the outcome
power 〈I × Vg〉 ∼ 0.3-0.4 µW/cm2. Evidently, it can be
increased for larger areas of the surface or employing mul-
tilayer hybrid structures. Thus graphene is here playing
the role of a photoconductive antenna [74]. In addition,
the h-BN deposition can help to remove graphene buck-
ling, bubbles and domes and it improves its electrical and
optical properties; furthermore, it allows to achieve the
impedance matching.
If a normal metal replaces the superconductor, the sur-
face plasmons lead to strong light absorption related to
the skin layer with low electron mobility (typical for met-
als). Since graphene alone is a practically non-absorbing,
transparent film, all the light absorption of the metal-
graphene hybrid can be well described by large extinc-
tion coefficient of the metal. We expect that the same
happen above the critical temperature or when the fre-
quency of emitted radiation exceeds the superconducting
gap. Therefore, the critical temperature Tc and the value
of superconducting gap, ∆, limit working temperatures
and the gain bandwidth, respecively, for the proposed
optical transistor.
In contrast with nonlinear optical crystals, where such
transformation and THz generation is very weak, here
we expect a powerful THz signal. For this purpose, for
example, the parallel plate capacitor of the hybrid can be
complemented by inductance to form a resonance contour
to fix the frequency of the emitted radiation. Note that
here we have more emitted radiation than incident one,
manifesting the negative light absorption.
Conclusions. We have shown that in a hybrid
graphene–superconductor system exposed to an electro-
magnetic field of light the absorption coefficient can be-
come negative in a certain range of frequencies and at
a non-zero angle of incidence. We suggest that the sys-
tem can serve as an amplifier of THz radiation. The
essence of the amplification is the quantum capacitance
of graphene, which provides the conversion of the charge
density wave induced by incident light into emitted radia-
tion with much stronger intensity. That is also related to
the negative differential conductivity of the hybrid, where
there is a strong Coulomb coupling of graphene and su-
perconductor. The existence of Dirac or Weyl cones in
graphene, topological insulators, and Weyl semimetals
brings in a new physical concept called quantum capaci-
tance. Its essence is in a strong dependence of the Fermi
energy on the charge doping. A weak charge density
wave can induce a strong electric field in these materi-
als, allowing us to achieve the amplification of incident
electromagnetic radiation.
The situation is somewhat similar to lasers, where the
pumping results in the population inversion. The dif-
ference is that here the amplification can occur in a
broad frequency range simultaneously, while in lasers it is
pinned to a specific resonant frequency. Such amplifica-
tion of the broadband spectrum, e.g., for chaotic or noise
radiation, opens exciting opportunities of new types of
molecular and biological noise spectroscopy, where the
response of the system can be measured in a broad fre-
quency range opening new opportunities in molecular
and biological noise spectroscopy [78].
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